Summary. The effect of calcium on somatostatin secretion was investigated in the isolated, perfused canine pancreas preparation and compared with those of acetylcholine, glucose, isoproterenol and arginine. Calcium (5 mmol/1) stimulated somatostatin release in a typical biphasic response pattern being about 5 times as potent as acetylcholine (1 gmol/l), arginine (5mmol/l), and isoproterenol (2 ng/ml) while the release of insulin and glucagon in response to calcium and the other secretagogues were of the same magnitude. Somatostatin release increased progressively when perfusate calcium was increased step-wise from 0 through 1.25 and 2.5 to 5.0mmol/1. Calcium stimulated the secretion of somatostatin in the absence of glucose. The stimulatory effect of calcium was, however, modulated by the glucose concentration being about twice as large at 200 mg/100 ml as at 25 mg/100 ml glucose in the perfusion medium.
Somatostatin, was isolated and synthesised by Guillemin and coworkers [1] . It soon appeared, however, that this compound is present not only in the hypothalamus, but in many other locations, such as the D-cells of the islets of Langerhans [2] .
It was demonstrated that somatostatin in socalled pharmacological concentrations inhibited various exocrine and endocrine processes including insulin [3] and glucagon release [4] , The physiological significance of these many effects however, has not been established.
Recent studies have shown that many stimulators of insulin secretion such as tolbutamide [5] , arginine [6] , leucine [5] , glucose [5, 7, 8] , pancreozymincholecystokinin [5] , gastrin [9] , gastric inhibitory polypeptide [9] and secretin [9] also enhance the release of pancreatic somatostatin. As it is known that calcium ions are of principal importance for insulin [10, 11] and glucagon release [12, 13] , the secretory processes being apparently triggered by a cytosolic accumulation of this cation, we decided to investigate a possible role of calcium in the secretory process of the pancreatic D-cell. The effect of calcium on somatostatin secretion by the perfused canine pancreas preparation has therefore been studied and compared with the effects of acetylcholine, glucose, arginine and isoproterenol, all established insulin secretagogues.
Material and Methods
Male mongrel dogs, fasted overnight, weighing 17-23 kg were used as pancreas donors. The techniques for isolation of the canine pancreas and the perfusion system has previously been described in detail [14] . In brief, the preparation consists of the pancreas and the proximal 10 cm of the attached duodenum. A non-recirculating medium of Krebs-Ringer bicarbonate buffer pH 7.4 containing 40 g/l dextran (molecular weight 75000), 2g/1 bovine albumin, glutamate, fumarate, and pyruvate, each at a concentration of 5 mmol/1, was pumped through the splenic and the coeliac arteries, and the total portal effluent was collected every minute. The perfusion pressure was 30-40 mmHg, and the perfusion flow was 18-20 ml/min during the experiments. Substances to be investigated were added to the basic perfusion medium through constant side-arm infusion syringes.
The pancreas was perfused for an equilibration period of 20-30 minutes. Thereafter, the substances to be studied were infused for 15 to 20 minutes allowing a similar recovery period between stimulations. The total perfusion averaged three hours. Effluent samples were collected every minute.
The following substances were used: L-iso proterenol and L- 
Radioimmunoassays
Rabbits were immunised by subcutaneous injections of equal volumes of cyclic somatostatin conjugated with carbodiimide to thyroglobulin and complete Freund's adjuvant [15] . After 5 to 9 booster injections at monthly intervals useable antisera for radioimmunoassay were raised in all of three rabbits, working titres being 1 : 2000, 1 : 4000, and 1 : 8000. Tyrl-somatostatin was iodinated with 125I by a modification of the chloramine T technique according to Harris et al. [16] : 2 Ixg TYRl-somatostatin was added to 2 mCi 1251, Amersham IMS-3, and 4 #g chloramine T for 60 seconds. Metabisulphite reduction was omitted, instead the reaction was terminated with the addition of 400 ~tg bovine serum albumin.
The crude iodination products were purified on Sephadex G 25 fine column chromatography (10 mm x 600 mm) using 0.1 mol/l acetic acid with a 1 g/1 gelatine product (Haemaccel R, Behringwerke AG) for elution. In our hands (unpublished), mono-and diiodinated somatostatin always appeared after the total volume as peaks no 3 and 4, corresponding to 3-4 and 5-6 times the void volume.
The specific radioactivity was approximately 1000 and 2000 ~tCi/Fg for mono-and diiodinated somatostatin respectively. The evidence that these fractions were indeed mono-and diiodinated somatostatin without contamination of unlabelled antigen was based primarily on the facts that they competed in a parallel fashion in the radioimmunoassay and that they showed approximate maximum specific activities for mono-and diiodinated specimens when calculated according to the self-displacement principle [17] . It is also known that the elution on Sephadex of other iodinated compounds is increasingly delayed with increasing number of iodine atoms incorporated [17] . Approximately 85% of the labelled compounds were bound in moderate excess of antibody and there was neither appreciable loss of specific activity, immunoreactivity nor increase in storage damage during two months after iodination. The antiserum showed no cross reaction with insulin, glucagon, pancreatic polypeptide (PP) or vasoactive intestinal polypeptide (VIP).
For the assay, 100 gl antiserum (SEC I) in a titre of 1 : 8000 was added to incubation tubes (9 mm• 50 mm), followed by 100 ~tl of standards or perfusion buffer. After 24 hours incubation 100 ~tl 1251 monoiodinated somatostatin (150 pg/ml) was added and incubated for a further 24 h.
Separation of free from antibody-bound labelled antigen was achieved by wick chromatography with 3MM paper wicks (Whatman) as was the case for pancreatic glucagon and insulin [18] . "Damage" of labelled antigen was measured in individual tubes without antibody and appropriate corrections made [19] . Incubation damage was only 2-4% when the assay was used for samples of the effluent from the isolated pancreas.
For dilution of antibody and labelled somatostatin, 0.04 mol/l phosphate buffer, pH 8, with 0.6 retool/1 sodium merthiolate and 2 g/l bovine serum albumin was used, while standards were diluted in the perfusion buffer. Detection limit was 10 pg/ml or 1 pg/tube.
Results

Effects of Calcium, Acetylcholine, Glucose, Isoproterenol and Arginine
The effect of calcium on somatostatin release was studied by comparing it to the effects of acetylcholine, glucose, arginine, and isoproterenol in 20 minute sequential infusion periods. The basal perfusion medium had a glucose concentration of 100 rag/ 100 ml, and a calcium concentration of 1.3 mmol/1.
The four secretagogues were infused at concentrations expected to give similar insulin release to that found with 5 mmol/1 calcium. Figure 1 shows the results of one such experiment. Infusion of glucose at a concentration of 100 mg/100 ml to result in a final concentration of 200 mg/100 ml stimulated somatostatin and insulin release and suppressed glucagon release as expected. The other secretagogues stimulated release of somatostatin, insulin and glucagon.
The somatostatin release pattern was very similar to that of insulin, with immediate increases and decreases in response to infusion and withdrawal of the stimuli. The effect of the five secretagogues on insulin secretion was as expected, with the calcium effect of the same order of magnitude as that of acetylcholine, glucose, arginine and isoproterenol (Fig. 2) .
The effect of calcium on somatostatin release was, however, different, being about five times higher than that obtained by the four secretagogues used for comparison.
Effect of Variations in Calcium Concentration on the Pancreatic Somatostatin Release
The effect of increasing calcium concentration was investigated on 5 occasions during 3 perfusion experiments. During perfusion with a constant concentration of glucose of 100 mg/100 ml, perfusate calcium was increased step-wise for 15 minutes periods from 0 through 1.25 and 2.5 to 5.0 mmol/1. This is illustrated in Figure 3 . Results are given as means _+ SEM (n = 5). On all five occasions the gradual increase in the calcium concentration caused a dose-dependent increase in the secretion of somatostatin. The somatostatin responses were again biphasic.
Effect of Increase in Perfusate Calcium at Zero, at Low and High Concentrations of Glucose
At a calcium concentration of 1.3 mmol/1, basal somatostatin and insulin levels were low and basal gtucagon was high during perfusion with a glucose depleted medium (Fig. 4) . When the glucose concentration in the perfusing medium was increased from 0 to 25mg/100ml, glucagon release was slightly reduced, whereas somatostatin and insulin release remained unchanged. The somatostatin and insulin responses to an increase in perfusate glucose from 25 to 200 mg/100 ml were biphasic, whereas glucagon was further suppressed to low levels.
A 15 minutes increase of the calcium concentration from 1. concentrations present: higher somatostatin and insulin and lower glucagon responses were obtained at high rather than at low glucose concentrations (Fig. 4) . There was no difference in the magnitude of the calcium-induced somatostatin response at zero or low (25 mg/100 ml) glucose concentrations.
The average results of 4 experiments are given in Table 1 .
Discussion
The experiments reported here have for the first time demonstrated that calcium stimulates secretion of pancreatic somatostatin and that the calcium-induced secretion is much greater than that achieved by acetylcholine, glucose, arginine, and isoproterenol when concentrations were used which gave similar responses of insulin and glucagon. The stimulatory effect of calcium on somatostatin secretion was dosedependent and it was modified by glucose, being more pronounced at high than at a low glucose concentration. It is noteworthy that calcium stimulated the secretory activity of somatostatin, insulin and glucagon in the absence of glucose. The results suggest that calcium plays an important role for the secretory process of the pancreatic D cell as already shown for the A [12, 13] and B cells [10, 11] .
The possible contribution of somatostatin from the duodenal remnant in preparations like the present one has been discussed by Ipp et al. [9] . Studies from this laboratory have shown that it is negligible since somatostatin release during calcium stimulation remained unaltered when the duodenum was excluded by clamping (K. Hermansen: Unpublished observations).
Our finding that glucose has a stimulatory effect on somatostatin release is in agreement with other recent reports [5, 7, 8] . In addition it has been reported that different amino acids [5, 6] stimulate secretion of somatostatin and this is confirmed in this study with respect to arginine.
In a study on possible sympathetic and parasympathetic control of somatostatin release from the pancreas Samols et al. [20] investigated the effect of adrenergic and cholinergic agonists. They found that the a-adrenergic agonism of L-epinephrine inhibited somatostatin secretion i.e. epinephrine with prior propanolol administration inhibited secretion of somatostatin and that the fl-adrenergic agonism of isoproterenol caused a stimulation of somatostatin secretion. In our experiments the same effect of isoproterenol was seen and we were also able to demonstrate a stimulatory effect of acetylcholine (1 ~tmol/1). This last mentioned result is at variance with preliminary results of Samols et al. [20] who found that higher concentrations of acetylcholine (25 and 50 ~tmol/1) stimulated secretion of insulin and glucagon but mildly suppressed somatostatin release from pancreas. The reason for these differing results is unknown.
It is possible to regard somatostatin either as a circulating hormone or as a substance exerting paracrine effects on the adjacent A-, B-and PP-cells in the pancreatic islets or as a peptidergic neurotransmitter [21] . One major question concerns the purpose, if any, of the anatomical juxtaposition of the A, B, PP, and D cells in the islets of Langerhans. One approach would be to ascertain if the extracellular concentrations of somatostatin in the islets are suffi- The hormone response (column B) was calculated as the average increase of the entire stimulation period over the mean concentration during the last 5 minutes preceeding calcium stimulation (column A, mean + SEM). One experiment is shown in Figure 4 cient to modulate insulin, glucagon or PP secretion. It seems as if they are: as little as 50 pg somatostatin per ml added to the influx perfusion medium suppresses secretion of insulin and glucagon (Unpublished observation). This concentration is easily achieved in the efflux from the isolated pancreas in response to physiological stimuli. It must be considered that the hormone concentrations we measure in the effluent are much lower than those found in veins draining the islets of Langerhans as a result of dilution by venous contribution from all of the exocrine pancreas. Therefore extracellular concentrations of somatostatin are seemingly available in the islets to allow a paracrine effect on the A, B and PP cells.
On many occasions, for example after the five stimuli used in this study, somatostatin release occurs together with insulin and glucagon secretion and one is fced with the paradox that these do not seem to be inhibited by the simultaneous secretion of somatostatin. On the other hand one can as yet only speculate on the magnitude of the insulin and glucagon responses if the somatostatin response had not been present.
Our findings suggest that somatostatin release is triggered by the accumulation of calcium ions at some critical site in the D-cell and that this process is modulated by the glucose concentration. Moreover, the effect of acetylcholine and isoproterenol is consistent with a direct role of the parasympathetic and the sympathetic nervous system. The physiological significance of the location of the D-cell in the islets of Langerhans has not been established, but it seems plausible that secreted somatostatin contributes to the regulation of insulin, glucagon and pancreatic polypeptide secretion.
